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field. This study contributes to the understanding of pre-conditoning effects in a sensor array measuring near-wall flow.
Introduction
Cantilevered beams and their interaction with the surrounding fluid in a low-
12
Reynolds number environment became of interest with the invention of atomic force microscopy, where the beams act as sensors. The fluid-structure interaction 14 is often of passive nature and studies have been carried out to determine the damping factor for the static and dynamic response of such sensors. Meanwhile,
16
the technique has also been transferred to other disciplines such as aerodynamic measurements, where flexible micro-cantilever beams are attached to a surface 18 to measure the distributed wall-shear stress WSS [1] . Therein, the latter acting on the beams is measured optically via imaging of the tip-displacement or using 20 micro-electromechanical systems (MEMS) technology at their base.
In nature, such sensors occur as mechano-sensors in a wide range of differ-22 ent species [2] . To gain the information they need, animals have developed a stunning diversity of such hair-like sensors [3] . For example, fishes and aquatic 24 amphibians use arrays of neuromasts along the lateral line systems and on the surface to detect minute water motions [4] . Other types of mechano-sensors 26 are the filiform hairs, which are located on the cerci of crickets and enable the crickets to sense air movements generated by approaching predators [5] . Sim-28 ilar structures exist on the surface of the wings of a bat [3] , [6] . It was found that these hairs are used by the bat to detect the flow pattern along the wing 30 during their flight to enhance navigation and aerial manoeuvres like steep banking, hovering and landing upside-down [7] . This rapid detection of small-scale beam theory and Oseen's approximation for the viscous drag forces has been described in [8] and was later also applied to flexible micropillar-type WSS sen-42 sors [1] . A recent summary of the mathematical model of sensory hairs has been given in [9] and for flexible aquatic vegetation in [10] . These authors proposed 
54
However, these mathematical studies could not provide any insight into the effect of mutual interaction and coupling between sensors.
56
The purpose of the present work is to improve our understanding on the interaction of flow within an array of flexible structures of micro-scale for sen- 
Prediction model

74
The sensory structures considered in this study are the WSS sensors based on flexible silicone cylinders of micro-scale as described in [1] . Because of their 76 small scale, the Reynolds number Re d based on the diameter d of the sensor is typically in the order of O(10) or less:
where U ∞ is the flow velocity at the sensor tip and ν the kinematic viscosity 
where y is the coordinate along the beam's length, E Young's modulus, I the moment of inertia, G the shear modulus, q(y) the line load, w(y) the bending 92 4 line, and κ the shear rate coefficient (κ = 0.9). Young's modulus E and the shear modulus G are taken from the experimental data summarized in Tab. 1.
94
Our intention is to limit application of the present model to finite deflections from the vertical which could be used as a flow-sensor signal. defined as:
where ρ f l is the density of the fluid, u the velocity and 
134
The procedure for calculation of the bending line by a section-wise approach is sketched in Fig. 1 . The line-load force q(y) on the beam is then based on the 136 standard ansatz
where ρ is the fluid density, u(y) the local cross-flow velocity at the chosen In the following, we shall present an empirical formula for c d as a function 140 of local Reynolds number only 
Experiments
The experiments were carried out in a transparent basin made of perspex and dimensions of the experiments are listed in Table 1 . were turned by 180
• . As can be seen, the bending of the rod increases with increasing velocity. However, not in a linear manner. 
196
The integration domain for the numerical simulation is presented in Fig. 4 .
As the coordinate system of the simulation is fixed to the moving plate with A structured mesh is used to discretize the flow field around the pillar. force is then extracted from the DNS data for each slice at y = const. according
where p(y) is the local pressure, p ∞ the ambient pressure,n the vector normal to the surface, τ w (y) the local wall shear stress,t the tangent vector,î the unit vec- Pressure-Linked Equations (SIMPLE) which comes with OpenFOAM is used.
It allows coupling of the Navier-Stokes equations with an iterative procedure 226 correcting the velocity on the basis of the newly calculated pressure field in a fractional manner.
228
The ratio of the pressure drag coefficient C p to friction drag coefficient C f integrated over the pillar's length l is given in Tab For comparison with literature the mean drag coefficient
the pillar is computed via
where F D is the total drag force acting on the pillar in streamwise direction.
236
As shown in However, this can be corrected by using different constants compared to those given in [13] , see equation (9). 
Beforehand, however, we shall compare this formula to actually obtained drag coefficients in Fig. 6 and discuss those effects which are responsible for Table 3 . Jana et al. [13] mentioned already that tip effects can be faithfully neglected because they lead to 274 a deviation of less than 5 % for the tip bending. A closer look at the flow around the pillar is presented in Fig. 7 for Re d = 6 (Fig. 7d ).
Results
294
Single-Beam Configuration
A comparison between measured and calculated bending lines is presented 
306
As discussed above Young's modulus E has been increased for these investigations by a factor of 100 with respect to the value given in Table 1 in oder   308 to keep the Cauchy number below 7.
The maximum relative difference at y = 10d is less than 3.9 % for all 
Tandem-Beam Configuration
320
The previous section showed that the introduced prediction model is able to predict the bending of an isolated slender rod in a boundary layer cross-flow 322 reasonably well. Our next step now will be to evaluate if the model can be used to predict the bending of a second beam that is positioned at some distance 324 to the first one as well. The motivation for this investigation is based on the need to quantify interaction effects of sensors which are arranged in an array. configuration, a streamlining effect is observed, as shown in Fig. 11c )+d). The bent configuration leads to higher curvature of the flow along the pillar's length.
352
Yielding a more streamlined shape of the luv beam, the overall drag decreases up to 11 % relative to the vertical one. 
Influence of Distance and Position
Now, the bending of a second beam in the wake of a first one is investigated 
where w is the tip displacement in the presence of a pillar, and w F latP late the corresponding value for flat-plate boundary layer flow without pillar. Since the 432 amplification factor of the bending scales by the power of 1.6 in relation to the Reynolds number, a much clearer presentation of the raising effects to the 434 bending than to the velocity can be obtained in Fig. 18 and Fig. 19 . This areas where the influence exceeds or stays below a certain threshold. These lines are already given here.
454
In Fig. 15b ) a reduced bending of the luv beam has been observed due to an upstream influence of the lee one. Whether this effect would be due to an 456 upstream influence of the second pillar alone can be evaluated from the isocontours in Fig. 18b ). There is indeed a reduced area of displacement due 
Examination of Tandem Beam Configurations
The results of the previous subsection have shown how the prediction model give a clear overview of increased and decreased bending due to local velocity increases and defects. Much clearer than the colour contours in Fig. 16 . 
Conclusions and Outlook
A prediction model of bending of flexible wall-mounted beams in a boundary 476 layer flow is presented. This is an update of the prediction model published by Jana et al. [13] as it differs firstly, by the use of second-order Timoshenko Normally, the luv signal falls below the lee signal since the lee sensor is in the 502 wake of the luv. As lateral flows appears, it may happen that the lee signal gets higher as it comes into areas of high-speed fluid that surround the luv wake.
504
27
A calibration could be derived from results like those shown in Fig. 17b ) such that the sensor pair can be calibrated to measure the yaw angle of mean flow 506 direction relative to the axis of the tandem. The velocity magnitude is still obtained via the tip displacement of the luv sensor. The directional sensitivity 508 of a sensor pair could also be exploited by combining a single sensor with a passive structure (e.g., a rigid pillar) in its luv, such that the sensor is in the 510 wake of the obstacle in the reference position. Then, if sidewinds occur such that the lee sensor leaves the wake, there will be a large increase of sensor sig-512 nal which is much easier to detect than changes of flow direction using a single sensor element alone. A rough estimate yields a three-times higher sensitivity 514 of such a tandem pair against a single sensor regarding the detection of yaw angle. These effects could probably be used to construct sensor arrays which 
